Abstract. Submerging terminal leafy cuttings of Rhododendron L. 'Gumpo White' ('Gumpo White' azalea) in 50 8C water for 21 min was previously shown to eliminate binucleate Rhizoctonia species, the cause of azalea web blight, from plant tissues. Before considering commercial use of this practice, a better understanding of the rooting response and tissue sensitivity of evergreen azalea cultivars to 50 8C water was needed; therefore, the current study was conducted. Terminal cuttings of the azalea cultivars Conleb (Autumn Embers), Fashion, Formosa, Gumpo White, Hardy Gardenia, Hershey Red, Macrantha Pink, Midnight Flare, Red Ruffles, Renee Michelle, Roblel (Autumn Debutante), and Watchet were collected and submerged or not submerged in 50 8C water for 20 min before propagation in one experiment. All 12 cultivars tolerated 50 8C water for 20 min. Cuttings collected from the 12 cultivars were submerged in 50 8C water for 20, 40, 60, and 80 min in a second experiment. The cultivars varied in sensitivity when exposed to 50 8C water for 60 to 80 min resulting in differing responses in root development and final leaf count. In a third experiment, degrees of leaf damage caused by hot water submersion or by leaf removal were evaluated for the effect on root development and subsequent leaf count on rooted cuttings of 'Gumpo White' and 'Roblel'. Induced incremental increases in leaf damage from hot water resulted in incremental reductions in the final leaf count and extent of root development for 'Gumpo White' and 'Roblel' while increasing percentage of leaf removal caused no reduction until 75% or greater leaf area was removed. Despite the risk imposed by submersing azalea cuttings in 50 8C water, all 12 azalea cultivars were tolerant of submersion durations long enough to eliminate binucleate Rhizoctonia species from stem and leaf tissue with only a low likelihood of sustaining detrimental damage.
Azalea web blight, caused by certain binucleate species of Rhizoctonia, occurs yearly on some azalea cultivars during nursery production in the southern and eastern United States. Azalea shoots collected for stem cutting propagation can harbor the pathogen, thus allowing the disease to be perpetuated through vegetative propagation. A previous study demonstrated that submerging Rhizoctonia-infested stem pieces of 'Gumpo White' azalea in 50°C water for 21 min could eliminate the pathogen without causing significant damage to leaf tissue (Copes and Blythe, 2009) . Because the objective of the study was pathogen control efficacy, a level of acceptable leaf damage was determined based on reasonable expectations without documenting the effect on root development. In the same study, hot water treatment (HWT) was the only sanitation method found to be effective in eliminating Rhizoctonia anastomosis group-P from azalea stem pieces. Soaking infested stem pieces in selected chemical disinfestants or fungicides was ineffective.
Sanitation is a proven and cost-effective approach for limiting the entry of pathogens into a propagation facility (Daughtrey and Benson, 2005; Williams-Woodward and Jones, 2001) . Ideally, vegetative material used for plant propagation should be collected from healthy plants that do not harbor pathogens. If pathogen-free plant material cannot be guaranteed, then procedures may be needed to eliminate or restrict pathogen carryover. Detection methods to screen for pathogens, isolation of newly received plant material, and control treatments have been used for this purpose. HWT is a sanitation method used to reduce pathogen carryover in seeds, tubers, fruits, and vegetables (du Toit and HernandezPerez, 2005; Gramaje et al., 2009; Grondeau and Sampson, 1994; Jarvis, 1992; Keck et al., 1995; Lurie, 2006; Sharma and Tripathi, 2008; Turechek and Peres, 2009 ). However, thermotherapy techniques have been infrequently reported for use with stem cuttings, probably as a result of the risk of damaging tender shoots and leaves (Jarvis, 1992) .
The main purpose of heat treatment is to kill pathogens or insects that infest or infect plant tissue. However, both pathogen and plant genera vary in sensitivity to heat. Therefore, commercial practicality of thermotherapy depends on a large enough difference between the temperature at which a pathogen is killed and the temperature at which plant tissue is damaged. As an example of a moderately acceptable difference, bare-rooted strawberry runners submerged in a 48°C bath for 2 h resulted in up to a 10 6 colony-forming units/ mL reduction in Xanthomonas fragariae and minimal effect on vegetative growth, whereas submersion in a 52°C bath for 60 min completely killed the bacterium and also killed the plant (Turechek and Peres, 2009) . Plant sensitivity to heat may be affected by plant species suitability to climate zones, cultivar response, age of tissue, and moisture content of plant tissue (Baker, 1962; Jarvis, 1992; Lurie, 2006) . Additional plant factors influence heat sensitivity of types of plant propagules other than terminal stem cuttings such as external cell tissue type and age of seeds and post-treatment handling of tubers (Baker, 1962; Coyne et al., 2010) .
The first objective of the present study was to determine if HWT would damage leaf tissue and/or reduce root development by rooting 12 commonly grown cultivars of evergreen azaleas from different hybrid groups using conventional nursery propagation practices with and without submergence of newly prepared terminal cuttings in 50°C water for 20 min. Because 'Gumpo White' azalea cuttings developed only minor leaf tissue damage when submerged in 50°C water for 20 to 40 min and severe leaf damage when submerged in 55°C water for 13 min in our prior study (Copes and Blythe, 2009) , the lower 50°C water temperature was selected for the current study. The second objective was to evaluate effects of 50°C water treatment on terminal cuttings of the same 12 azalea cultivars when submerged for 20 to 80 min to determine the risk of damage if cuttings are accidentally submerged for longer than the recommended 20 min. Finally, because little is known about the rooting response of azalea after different types of tissue damage, the third objective was to evaluate root development and subsequent leaf production on cuttings of two cultivars in response to incremental reductions in photosynthetic leaf area resulting from either heat-induced leaf tissue damage or leaf removal.
Materials and Methods
Plant material. Containerized plants of 12 evergreen azalea cultivars (Table 1) with all cultivars being treated at the same time. Three stems (subsamples) of each cultivar were inserted into individual 50-mL plastic tubes attached in a test tube rack submerged in hot water. The plastic tubes had been modified with four offset 1-cm holes to allow water flow through the tubes. Each of the three HWT stems and non-treated stems per replication were randomly inserted in one of six cells in a single column of a 72-cell plug tray containing a peat and pine bark substrate (Fafard 2B; Conrad Fafard, Agawam, MA). The experimental design was a randomized complete block with 12 replications per cultivar and one cultivar per plug tray. The 12 cultivars were individually used in separate sub-experiments to examine response effects across cultivars, but cultivar was not used as an experimental factor for direct comparisons among cultivars. Trays with cuttings were placed on a greenhouse bench under a 6-s mist at 15-min intervals from 0700 HR to 1900 HR. Leaves were rated for initial leaf damage on 4 June 2009. Cuttings were removed from the mist and assessed for final leaf damage and root development on 12 Aug. 2009.
Initial leaf damage was rated using the following categories: 0: no apparent damage, 1: less than 50% of leaves exhibit minor discoloration, 2: greater than 50% of leaves exhibit minor discoloration and one to two leaves may have major damage, 3: from 3% to less than 50% of leaves exhibit major damage, and 4: greater than 50% of leaves exhibit major damage. Root development was assessed on a proportional scale: 10 (roots fully cover the vertical surface of the substrate plug), 8.5 (roots cover most of the vertical surface of the substrate plug, but a portion is not covered), 6.0 (many roots incompletely cover the vertical surface of the substrate plug such that some substrate may fall away when the plug is removed from the tray), 4.5 (several, but few, roots incompletely cover the vertical surface of the substrate plug such that some substrate easily falls away when the plug is removed from the tray), 2.0 (several roots are growing in the substrate but few are present on the vertical surface of the substrate plug), and 0.5 (one or two roots extend from the stem into the substrate, but no roots are present on the vertical surface of the substrate plug).
Expt . Conrad Fafard) in 72-cell plug trays. The experimental design was a randomized complete block with cuttings submerged for the four durations being randomized in a single tray column with 12 replications and one cultivar per tray. Like in Expt. 1, the 12 cultivars were individually used in separate sub-experiments to examine response effects across cultivars, but cultivar was not used as an experimental factor for direct comparisons among cultivars. Cuttings were misted as described previously. The intermittent mist was discontinued and a daily 10-min irrigation at 1100 HR was begun on 10 Aug.
Initial leaf damage from the HWT was evaluated on 30 June using the proportional leaf damage rating of individual leaves per cutting divided by the total number of leaves (Copes and Blythe, 2009 ). Between 24 Aug. and 27 Aug., cuttings were evaluated for total leaves per cutting and root development as described in Expt. 1.
Expt. 3. Terminal cuttings of 'Gumpo White' and 'Roblel' were collected, prepared, and treated from 10 June to 18 June 2009. Cuttings of both cultivars were submerged in 55 to 60°C water for 7 to 43 min. Cuttings were temporarily inserted into a peat and pine bark substrate (Fafard 2B; Conrad Fafard) in 25.4 · 25.4-cm trays and placed under intermittent mist to allow development of the initial leaf damage from HWT. Between 15 June and 24 June, leaves were assessed for precision to 25%, 50%, 75%, and 100% leaf area damage per cutting and cuttings with respective levels of damage were transferred to columns of 72-cell plug trays as described subsequently using the same substrate.
Additional cuttings with comparable reductions in photosynthetic leaf area (but without HWT) were prepared by removing leaves between 16 June and 18 June. Cuttings of 'Roblel' azalea each had approximately eight leaves of uniform size, so 0%, 25%, 50%, 75%, and 100% leaf area removal was achieved by retaining eight, six, four, two, and zero leaves, respectively, per cutting. 'Gumpo White' azalea cuttings had small, medium, and large leaves with a mean area of 48, 73, and 210 mm 2 , respectively. For 'Gumpo White' cuttings, 0%, 25%, 50%, 75%, and 100% leaf area removal was achieved by retaining sets of (8,2,3), (6,2,2), (5,2,1), (4,1,0), and (0,0,0) (small, medium, large) leaves, respectively, per stem cutting. Cuttings with each of the five degrees of damage were aligned by type of damage (hot water or leaf removal) in a single tray column with two subsamples from each type of damage randomized in four columns at one end of a tray. Cultivar placement was randomized at one end of each of 12 trays. The experimental design was a complete randomized block with 12 replications. Cuttings were misted as described previously. The intermittent mist was discontinued and a daily 10-min irrigation at 1100 HR was begun on 10 Aug. Stem cuttings were assessed for total leaves per cutting and root development between 31 Aug. and 2 Sept. 2009. Root development was evaluated as described in Expt. 1.
Statistical analysis. No or minimal leaf damage was observed in Expt. 1 with almost all cuttings receiving ratings of 0 or 1; therefore, Fisher's exact test (lower-tailed) was used to test for limited leaf damage with use of heat treatment (alternative hypothesis) using the FREQ procedure of SAS (Version 9.2; SAS Institute, Cary, NC). Otherwise, root development, initial leaf damage, and final leaf count were analyzed with mixedmodel analysis of variance using the MIXED procedure of SAS. Blocks (replications) were included in the analysis as a random factor. Homogeneity of variance was evaluated by examining box plots of response values and by computing a common variance, individual factor variances, and grouped variances. Variances of individual treatments were generated using the REPEATED statement with the GROUP=TREATMENT option. When unequal variances were evident, treatments with similar variances were grouped using a dummy variable and group variances specified with a GROUP=<dummy_variable> statement. The model that best fit the data was selected based on a significant reduction in the difference between the residual log likelihood values being larger than the c 2 percentage and in the difference between Akaike's Information Criterion values. Least square means and pairwise differences adjusted for multiple comparison were computed for a heteroscedastic model that accounts for non-constant denominator degrees of freedom (Satterthwaite method) by specifying the ADJUST=SMM (studentized maximum modulus) and ADJDFE=ROW options.
Results
Expt. 1. Cuttings of 11 of the 12 cultivars exhibited no significant leaf tissue damage after submersion in 50°C water for 20 min compared with nontreated cuttings (Table 2) . Cuttings of 'Macrantha Pink' were damaged by submersion in 50°C water, although the level of damage was considered minor. Fashion was the only cultivar with less root growth on cuttings receiving the 50°C water treatment compared with nontreated cuttings, but the difference was small such that the root systems likely would have been comparable with a few more weeks of growth (Table 2) . Interestingly, a small but significant increase in root development occurred on cuttings of 'Conleb' receiving the 50°C water treatment compared with nontreated cuttings.
Expt. 2. Ten cultivars had mean initial leaf damage less than 0.08 with 20-min submersion in 50°C water (Table 3) . No cultivars showed any significant difference in root development between the 20-min and 40-min durations of submersion. As expected, severity of initial leaf damage on cuttings increased with extended submersion in 50°C water from 20 to 80 min for all 12 cultivars (Table 3) . However, cultivars varied in the degree of sensitivity in leaf tissue damage and subsequent root development as a result of HWT of cuttings. 'Roblel', 'Conleb', and 'Gumpo White' were most tolerant to extended submersion in 50°C water such that mean initial leaf damage was less than 0.30 with no significant decrease in root development when cuttings of these three cultivars were submersed for 80 min. Among cuttings of these three cultivars, cuttings of 'Gumpo White' produced root systems that were less developed; however, root development was relatively uniform among the treatments for cuttings of this cultivar, suggesting that several more weeks were simply needed for further root development. Leaf damage from an 80-min submersion was moderate on 'Renee Michelle' with minor reduction in root development with increased duration of hot water treatment (P = 0.1010). Cuttings of 'Watchet', 'Red Ruffles', 'Midnight Flair', 'Fashion', 'Formosa', and 'Macrantha Pink' exhibited moderate to major leaf damage and poor root development with an 80-min submersion. Overall, significant reductions in root development were generally associated with initial leaf damage ratings greater than 0.30 at HWT durations 60 min or more (Table 3) . For all 12 cultivars, the reduction in final leaf count followed the reduction in root development with increasing duration of submersion (Table 3) .
Leaf damage and root development on cuttings receiving a 20-min submersion were more variable among cultivars in Expt. 2 (Table 3 ) than in Expt. 1 (Table 2) . Root development on cuttings of eight cultivars was roughly comparable in the two experiments. Cuttings of 'Red Ruffles', 'Macrantha Pink', 'Hardy Gardenia', and 'Hershey Red' had poorer root development in Expt. 2 than in Expt. 1. Initial leaf damage from a 20-min submersion was comparable for 10 cultivars between the two experiments. Cuttings of 'Macrantha Pink' exhibited moderate damage in both experiments, and cuttings of 'Formosa' had moderate leaf damage only in Expt. 2.
Expt. 3. Root development generally decreased with increasing percentage of induced leaf damage (Table 4) . Despite this general trend, cuttings of 'Roblel' and 'Gumpo White' responded differently to the increasing percentage of leaf damage induced from submersion in hot water (P = 0.0066) and by leaf removal (P < 0.0001). 'Roblel' was more tolerant to a moderate degree of leaf damage. With both cultivars, leaf damage resulting from hot water treatment more severely impacted rooting than leaf removal. Generally, incremental increases in hot water-induced leaf damage were associated with incremental decreases in final leaf count and root development, whereas 75% of the leaf area had to be removed before causing a decline in the final leaf count and root development with both cultivars. Not unexpectedly, a 100% reduction in photosynthetic leaf area either from hot water-induced leaf damage or from leaf removal resulted in either poor root development and low leaf counts or death of the cutting with both cultivars.
Discussion
All 12 azalea cultivars were tolerant of a 20-min submersion in 50°C water. In a few cases ['Fashion' in Expt. 1 (Table 2) ; 'Fashion', 'Gumpo White', 'Macrantha Pink', and 'Red Ruffles' in Expt. 2 (Table 3) ], the 50°C water treatment slowed root development such that the cuttings would require additional weeks of root growth beyond the 9-to 10-week period used in these experiments before transplanting.
Differences in cultivar sensitivity to hot water were evident with extended submersion duration in 50°C water. Root development did not differ between the 20-min and 40-min submersion for all 12 cultivars, although final leaf count was reduced with a 40-min submersion for two cultivars. These results support previous results (Copes and Blythe, 2009 ) when leaf tissue of 'Gumpo White' azalea stem cuttings were not severely damaged in 50°C water for 40 min. The difference in cultivar sensitivity occurred when stem cuttings were submerged for 60 to 80 min. In the present study, the mean final leaf count and root development of four cultivars (Conleb, Gumpo White, Renee Michelle, and Roblel) were unaffected by increased submersion in hot water from 20 min to 80 min. These responses were mostly associated with low levels of initial leaf damage. We thus consider these cultivars to be tolerant of 50°C Table 2 . Number of terminal cuttings of 12 azalea cultivars exhibiting no leaf damage 2 d after no treatment or submergence in 50°C water for 20 min and insertion into a pine bark/peat medium in plug trays placed under intermittent mist and mean rating of root development on the same cuttings after a rooting period of 10 weeks (n = 36) (Expt. 1). Count of cuttings that appeared healthy and exhibited no symptoms of leaf tissue damage. Leaf tissue damage was considered minor on cuttings exhibiting leaf damage. y Root development was assessed on a scale of 0 (no roots) to 10 (extensive root development). No cuttings produced small root systems or failed to root.
x Each azalea cultivar was in a separate sub-experiment, whereas treatments were assigned to stem cuttings of each cultivar using a randomized complete block design in a 72-cell tray.
w P values for tests of an increase in leaf damage using heat treatment (alternative hypothesis) based on Fisher's exact test (lower-tailed).
v P values testing the null hypothesis of no difference in root development between nontreated cuttings and cuttings receiving hot water treatment from mixed model analysis of variance for treatments with heterogeneous variances.
exposure. The other eight cultivars were sensitive to 60-to 80-min submersion in 50°C water. Because cuttings of all 12 cultivars were tolerant of 50°C water for up to 40 min and only a 21-min submersion is needed to kill binucleate Rhizoctonia spp. (Copes and Blythe, 2009 ), a sufficient margin exists to provide a low risk of reducing the rooting potential of treated stem cuttings, even with the cultivars considered to be sensitive to 50°C exposure. Binucleate Rhizoctonia spp. was also eliminated from 'Gumpo White' azalea stem tissue with a 5-min 19-s submersion in 55°C water (Copes and Blythe, 2009 ). We caution against using an increased water temperature with shorter submersion duration because of the substantially increased risk of tissue damage. Cuttings of 'Gumpo White' azalea (which we consider to be a tolerant cultivar) suffered severe tissue damage with a submersion of 14 min in 55°C water and 1 min in 56.8°C water. Although not tested, cultivars considered sensitive to hot water would likely be killed in a considerably shorter duration of exposure to 55°C water. A variety of thermotherapy methods exist that may further reduce risk of plant injury but were not examined in these studies. For example, some HWTs include an immediate post-submersion in cooler water to remove latent heat from the plant tissues.
Success of rooting stem cuttings has been shown to be affected by age and moisture content (Baker, 1962; Jarvis, 1992) . In Expt. 2, three cultivars (Macrantha Pink, Hardy Gardenia, and Hershey Red) rooted poorly. It is thought that stem firmness may partly explain this result. Under nursery production conditions, cuttings of specific azalea cultivars are collected at the appropriate time based on the experience of the propagator. In the present study, cuttings of all cultivars were collected during the same period. Stem tissue of some cultivars such as the laterblooming 'Macrantha Pink' was less firm than other cultivars, and this could have affected rooting success. Rooting can be variable even when cuttings are not submersed in hot water as a result of cultural practices affecting the quality of cuttings. Undoubtedly, hot water has the potential to cause tissue damage although the effect on subsequent rooting and shoot growth is minor.
Based on published (but limited) research, pathogens vary in their sensitivity to thermotherapy (Baker, 1962; Baker and Roistacher, 1972; du Toit and Hernandez-Perez, 2005; Gramaje et al., 2009; Grondeau and Sampson, 1994; Jarvis, 1992; Keck et al., 1995; Sharma and Tripathi, 2008; Turechek and Peres, 2009) . A few pathogens, including propagules of Pythium and Phytophthora, may be detrimentally affected by exposure to 50°C water (Baker and Roistacher, 1972) . Many other pathogens may survive exposure to 50°C for 21 min and therefore would require a hotter temperature or longer exposure before being physiologically stressed. The depth of pathogen penetration into plant tissue and the type of pathogen structure such as oospores of Phytophthora spp. could affect pathogen survival. Thermotherapy such as hot water submersion is capable of causing mortality of pathogens within plant tissue that might otherwise be unaffected by many chemical treatments. Additional research would be needed to identify which pathogens can be killed by thermotherapy without detrimental injury to cuttings.
Water bath equipment does exist for applying hot water treatments. The main requirements involve properly grounded and waterproofed electrical systems, a heater with precise water temperature regulation (a variation of 0.3°C or less), ample water circulation (needed to achieve uniform temperature distribution), and a sufficient water volume to limit the drop in water temperature to only a few degrees when cuttings are submersed. Plant material should be loosely contained in a meshed container that is smaller than the water depth and tank dimensions so that plant material is completely submersed and water flow is unimpeded. The water volume capacity of a hot water bath would depend on the maximum number and size of propagules being submersed together. If only cuttings are being treated, 40-to 100-L tanks would suffice for many commercial nurseries. Analog controllers would be less expensive than digital controllers.
HWT provides an alternative and effective disease control method for eliminating Rhizoctonia spp. from azalea cuttings. Initial costs would be incurred by purchasing and installing the hot water bath. Additional production costs would include power use of the equipment for several hours per day and assignment of an employee to the task. Additional benefits are unknown, but hot water Table 3 . Mean initial leaf damage ratings on terminal cuttings of 12 azalea cultivars 2 d after no treatment or submergence in 50°C water for 20 to 80 min and final leaf count and degree of root development on the same cuttings after a rooting period of 9 weeks (n = 12) (Expt. 2) with cultivars ordered by similar response groupings. 4.4 4.7 3.9 3.2 0.5513 z Probability (based on Type III sums of squares) using the MIXED procedure of SAS with heterogenous variances models to test the null hypothesis that all factor levels are equal. y Proportional leaf damage per cutting calculated by [(number of leaves with less than 50% area damage · 0.25) + (number of leaves with greater than 50% area damage · 0.75)/total number of leaves]. x Based on multiple pairwise comparisons, means followed by the same letter across a row are not significantly different (a = 0.05). w Root development was assessed on a scale of 0 (no roots) to10 (extensive root development).
potentially could control other organisms such as insect pests (Haviland et al., 2005; Stonerod and Strik, 1996) . Hot water is a certified disease and pest control treatment in some state regulatory programs. Thermotherapy provides an example of how simple techniques may provide effective disease control when appropriately applied. Integrated disease management merits more research effort to develop potential benefits to the labor-intensive management systems associated with ornamental plant production. Table 4 . Mean leaf count and root development on cuttings of two azalea cultivars in response to selected percentage levels of induced leaf damage resulting from either hot water treatment or physical leaf removal after a rooting period of 10 weeks (n = 12) (Expt. 3).
Leaf damage type
Induced leaf damage (%) Percent leaf area damaged either from submergence in 55 to 60°C water or by removal of a respective number of leaves representing an equivalent leaf area. y Root development was assessed on a scale of 0 (no roots) to10 (extensive root development).
x Based on multiple pairwise comparisons, means followed by the same letter down a column are not significantly different (a = 0.05). w Probability (based on Type III sums of squares) using the MIXED procedure of SAS with heterogeneous variances models to test the null hypothesis that all factor levels are equal.
